® 



J 



EuropiUaches Patentamt 
European Patent Office 
Office europtfen dee brevets 



0 Publication number 



0 257 116 

A1 



® EUROPEAN PATENT APPLICATION 

© Application number: 86111600.2 <g) , nt C l.': A61N 1/36 , A61 N 1/05 

© Date of filing: 21.08.86 



© Date of publication of application: 
02.03.38 Bulletin 88/09 

® Designated Contracting States: 
OE FR QB IT NL 



© Applicant TELECTRONICS N.V. 
Oe Ruyterfcade 58A P.O. Box 837 
Wlllemstad Cura?ao<AN) 

© Inventor Koning, Qerrtt 
Drosten 56 
NL-9481 08 Vrtee<NL) 
Inventor Schroeppei, Edward A. 
6741 Ixora Drive 
Mlramar Florida 33023(US) 

0 Representative: Kuhnen, Wacicer & Partner 
Schneggatraaae 3-8 Poatfach 1729 
0*8060 Frelaing(DE) 



® ^! ratU8 i n f m0thOd ad,u * t,n * heaiVpacer rate relative to ejection time to obtain a required 
caraiac output 

® ™ e ,fP p " atus for P**"* * heart in accordance with the heart rate needed to produce a required cardiac 
oufcut while the person is exercising, comprises a pacer adapted to be implanted in a human body and having a 
pulse generator and control circuitry (e.g. including a microprocessor) therein, a pacing lead adapted to be 
.mplanted in a right ventricle in a heart and having a distal electrode adapted to engage and sup^padng 
pulses to the apex of the right ventricle and a pressure sensor or impedance sensing electrode mounted inTon 
J* as<>nthm and routine utilizing same are stored in the control circuitry (microprocessor) and are 

adapted to (a) relate nght ventricular pressure to duration of contraction to determine ejection time and changes 
' n ,!!! C !l?"tj me <* < b > to r9late impedance and changes in impedance to blood volume or changes in volume! to 
relate blood volume and changes in blood volume to opening and closing of the pulmonary valve and to 
determ.ne each time period between each opening and closing to determine ejection time and changes in 
ejection time and to correlate ejection time or changes in ejection time with the required heart rate needed to 
supply a desired cardiac output and to cause the pacer to pace the heart at the required heart rate when the 
heart is not naturally paced. 
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APPARATUS AND METHOD HEART/PACER RATE RELATIVE TO EJECTION TIME TO 

OBTAIN A REQUIRED CARDIAC OUTPUT 



BACKGROUND OF THE INVENTION 
Field of the Invention 



Description of the Prior Art 

to ,i^T^ P f tiefltS h83 ^ dysfuncttons or heart disease such as sinus node disease have been able 
to live a relatively normal l.fe with the implantation of an artificial pacemaker often referred to as a pacer 
n™?*' ^ have not always been able to mimic the response of a normal healthy heart A 

normal heart responds to exerc.se and stress by increasing cardiac output through increased heart rate or 

SXT0K8 VOIUmO. 

in this respect patients with sinus node disease have lost the ability to increase heart rate with 
exerc.se. Accord.ngly. t has become a goal of optimal pacing to provide exercise responsiveness in a 
pacer by sensing the need for increased cardiac output 

3 vi8 JV ^ obtaining this goal, a number of pacemakers have been proposed for indirectly 
sensing the need for increased heart rate by sensing P-waves, nerve impulses. Q-T interval. pH. oxygen 
saturation, respiratory rate, stroke volume, motion, atrial pressure and temperature 

A P-wave triggered artificial pacemaker adapted to be exercise responsive by responding to average 
atnal rate has been proposed in the Knudson & Amundson U.S. Patent No. 4,313 442. 

D — An .f rt ™ PaC9maker res P° nsive to changes in the Q-T interval is proposed in the Rickards US 
Patent No. 4,228,803. 

The Heilman at al. U.S. Patent No. 4,303.075 discloses a method and apparatus for maximizing stroke 
vo ume through AV pacing using an implanted cardloverter/pacer which is programmed with an AV delay 
tailored to the particular patient The mechanism detects and processes the impedance of the heart across 
two electrodes in contact with heart muscle during each heart cycle and uses the changes from cycle to 
cycle to trigger the issuance of pulses from the pacer depending on the direction of the impedance 
changes to maximize stroke volume of the heart which is proportional to the change in value of impedance 
between the minimum and maximum detected impedance per heart cycle. 

The Funke U.S. Patent No. 4.31Z355 discloses a dual pace-dual sense cardiac pacer which is able to 
stimulate the atrium and/or the ventricle and which is able to entrain the ventricle, when the atrial rate 
increases, while preventing bradycardic episodes. The pacer action is triggered by detection of naturally 
occurring atrial and ventricular action or pulses within a predetermined time period. 

The Roline U.S. Patent No. 4,363.325 discloses a multiple mode pacer activated to switch modes 
relative to heart rate thereby preventing atrial bradycardia. This is achieved by mode switching of the pacer 
from an atrial synchronous mode to a ventricular inhibited mode. Such switch of 'modes is actuated when no 
atrial activity is sensed within a preset escape interval referred to as a hysteresis period. Reversal of the 
mode back to the atrial synchronous mode from the ventricular inhibited mode is actuated in response to a 
detected atrial rate which is higher than a preset lower, ventricular rate. With this mode switching, the 
ventricle will not be stimulated twice in quick succession, which overstimulation could cause atrial 
bradycardia. 

A proposal for placing electrodes on the Hering's nerve that extends from receptors in the sinus and 
glomus carotids is disclosed in the Gonzalez U.S. Patent No. 4,201,219. 

Sensors for sensing blood pH are proposed in the Alcidi U.S. Patent No. 4.009,721 and the Mauer et al 
U.S. Patent No. 4,252,124. Alcidi controls a pacer relative to blood pH. 
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In the Bomzin U.S. Patent No 4 4«7 tuvr 
of the type as disclosed TL ^li^fZ^To^^T U «"~- 
ai patents teach measuring of oxygen satltn of J£ 1"° o J^ '21 *" 4l20Maa « 
l.ght through blood is used by wSfefd i^Z^^Z^JS^V' ^ ^"^eness of 
s measurements for controlling the pacing of a ^ 9 concentraton. Bomzin teaches using SUC h 

prooTsed^re s:: Tjtx^sssr * me * * a - - — * * 

■ * accordance .th an Urease in 

and the Z^T^tp^T^T* "* °- U S " P *°* No. 4,240.132 

The Denniston fll U.S. Patent No 3ai«?fin "hj^i 

through impedance measurement ^e 52£ ^ ndudtTe^e^'f mUSC ' e co ^<™ 

flexed. The elastomer body is positioned ZkZ T^T^^^T impedance cha W when 
'5 muscle contracts, the elastomer body is flexedTorolide? ^ musc,e such the 
thereto. Such electrical signal c*T* use 7 £ ^Zli 1 1ST ' mpedance » a ° ia * v °«age supplied 
specrfc* Iperiod of time hJelapsed ste^ SJ^^^^tVTT ' ^ 3 
Another artificial cardiac pacemaker r*«r*, n <^ « was sensed by the elastomer body. 

lost in patients with sinus node disease^the ^STc^SST JlT 9 eX8rci8e - ^ first ^tion is 
means that exercise modified in < SLVTy^^^^ 222? ™s 
the ejection time in the right ventricie. As JfiS*^^' !S£TS^J" meaawin 9 *» in 

23 ™*<* of the present invention utilize. ch*£LVZ T^T^L 1 heremafter. the apparatus and 
pacing rate of an implanted artificial pacemW!^ *™ nQht venWcte to control the 

Heretofore it has been proposed in the Cohen U.S Patent No irw son - 
atnum and to utilize the pressure sensed to control P^g^^rote'^e 2T 

Also, the Zacouto U.S.. Patent No. 3.857.399 in f^^ll? htventncte - 

*> measures either left ventricular pressure* k!m\SSSuJ!LS 5?"* 3 PreSSUre sensor ** 
myocardium or septum and the otheTsensor * bSSX^ttSS?' ?™ ^ is located the 
these sensor, responds to average^^^'l^ £ 3^,^"^' ^ to 
disctosed herein appears to beetle and's^y' ^^JS?** * ^ ^ ^ P " e>r """" 

baroreceptor centers of^eTSy C^mlrSS^ a * Carotid * nu8 nerves, one of the 
applied to an artery of a^^^l^ "^^. J^ *** is COnnected to or 

arterial blood pressure ofVoatie^t U^«2« 22^ °^ SUbStantiaJ,y "Renting the instantaneous 
provide a series of ZZLfimm hrnpTonSl^^^ir 6 ^ Pre88Ur9 ' SystWn is * 
«o an afferent nerve, such aTthe c?o«£ Ts?nus SETTS? h£2T* magnrtude «»"P«u* through 
naturally in patents having rMwSTSSoTS^^ pu^tTIZ^ * ^ 

P'OS^of^^^ ^ 3 ** -"trolling a 

to blood pressure int^Thii ^ ^ 8 ^ponSve 

' The apparatus of the present invention can utilize a pressure sensor w - ti 

pressure changes for determining ejection time as Z J^Z™7J* n ^"V^ ventriCular 
adjusted relative to change, in ejection time. Further . « ^^ ^1^0^* ^ ^ ' S 

piezoresistive pressure sensors can be use** t« c " 1" IT amamit prsssure sensors, including 
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U.S. PATENT NO. PATENTEE 

2,634,721 Greenwood, Jr. 

2,976,865 Shipley 

3,088,323 Welkowitz et al 

3.038,465 Allard et al 

3,294,988 Packard 

3,563,245 McLean 

3, 906, 960 Lehr 

4,432.372 Monroe 

4,456,013 DeRcssi et al 

Published European 
Patent Application 
0 080 347 to Anderson et al 

20 'I 0 ™ ! m i b °i!rL ent . 0f * 6 W 8 ^ 8 <* *• P«sent invention, changes in impedance between two 
J ?^ th9 ri9W VemriCte canbeus8dto Ermine ejec^on time astfie blood content * 

£££ ^SSSSHT 9 heart pumpins ^ *• in «—" «™ can * «E !o 

hu r^L art l!i e 2 it lf d " C ° n n tinuous Measurement of Ventricular Stroke volume by Electrical Impedance" 

28 Z2££c£Z ISlFlJ?"?. T**" 9 in V01 - 4 ' ^ 4 1966 «~ - -Cardiovascular 

u,tet " 1 diftorent techno for measuring impedance in ventricles, particularly the left 
ventncle. for use in measuring ventricular stroke volume, are described 

bv m«^T'^?fl5!l n proposed J n «» 9t U.S. Patent No. 4.291.699 to measure impedance 

%™™* ''"J* 1 " 8 ,n a "9"* ventricte e,e «rical analysis indicates that ventricular fibrillation 

30 aJ^r T* I? ^ * w A'T PedanC8 measurements m men «ed to determine mechanical pumping 
activrty of ttie heart A defibrillator is actuated only when both mechanical and electrical activity of the 
ventncle indicate a need for defibrillation. 

The apparatus of the present invention differs from the previously proposed apparatus and methods by 
providing an implanted artificial pacemaker having a microprocessor therein with a program or algorithm 

35 stored in the microprocessor for controlling the pacing rate of pacing pulses supplied to an electrode at the 

S££ !2!.l e f "HH 9 ^ r9taa ™ to> and in res P° nse to « m * cha "9es in the ejection time of 

the nght ventncle as obtained by sensing the opening and dosing of a pulmonary valve with sensing means 
mounted on the pacing lead and located in the right ventricle. 
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SUMMARY OF THE INVENTION 



According to the present invention, there is provided an apparatus for pacing a heart in accordance with 
the hearvpacer rate needed to produce a required cardiac output while the person is exercising, comprising: 
« a pacer adapted to be implanted in a human body and having a pulse generator and control circuitry which 
may be realized by a microprocessor therein: 

a pacing lead adapted to be implanted in a heart and having a tip electrode adapted to engage and suoolv 
pacing pulses to a right ventricle of a heart 

means for determining the duration of contraction of the heart to determine the ejection time and changes in 
so ejection time over time in the right ventricle: and 

means, including said control circuitry for relating the changes in ejection time with the required pacing rate 
needed to supply a desired cardiac output and for causing said pacer to pace the heart at the required rate 
when the heart is not naturally paced. 

55 
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Further according to the invention, there is provided a method for pacing a heart in ar*™*™ * 
heart rate needed to produce a reared cardiac output whi.e the perso'n is c5J2^H£ 

determining ejection time and changes in ejection time in the right ventricle- 

pacing the heart at the required heart rate when the heart is not naturally paced 

In the application of the apparatus one can measure pressure over a period of time and relate chana-s 
,n pressure to the duration of contraction. Changes in the duration of contraltion £2 t JSL te^d to 

related to S!f.l r CO " traction *" d «me can be determined anS 

related to pacer rate for determining the pacer rate at which pulses are required 

in another application of the apparatus, one can measure changes in blood impedance in the ventricle 
wh.ch are related to the volume of blood in the ventricle. The impedance mea^renSn i T!tZ£ to 
calculate blood volume changes in the ventricle. Then the changeeTSooS vTume^an b Tu£ o 

S^STZd tllS", determined which is ejection time. Changes in this time peril, can trJbe 
determined and related to pacer rate. Then this pacer rata is compared with the patient's heart rate to 
determine if pacing pulses are required and at which rate. e to 



BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a set of graphs of various parameters of heart activity versus time from atrial svstole 
through ventricular systole to diastole. systoie 

dunnn ™ 2 Jf * ^ * ch * nQ# pacer rate veraus *• a*"** '« ai**** 1 time, such* as occurs 

uunng 6X6TCIS0. ■/*• 

i_h ,r Q 'i, iS l side ^ ,evational view of a pacer and heart with portions broken away and with a pacing 
lead received in the right ventricle of the heart. pacing 

FIG. 4 is a longitudinal plan view with portions broken away of one embodiment of a distal end 
° f * paa " g lead assembly which has a piezoresistive pressure sensor mounted thereon and which 
can be used in the apparatus of the present invention. 

FIG. 5 is a longitudinal plan view with portions broken away of another embodiment of a distal end 
portion of a pacing lead which has a strain gauge pressure sensor mounted thereon and which can be used 
m the apparatus of the present invention. ^ 

FIG. 6 is a graph of pacer rate versus ejection time and shows the linear relationship between the 
pacer rate and the ejection time between programmed minimum and maximum rates. 

FIG. 7 is a graph of pacer rate versus ejection time and shows a family of lines or slopes along which 
a pacer can function and shows that the rate of change is a function of the difference between ejection time 
at one point in time and ejection time at another point in time and not of their absolute value. 

FIG 7A is a graph of pacer rate versus ejection time for different rates of change (slope) of pacer 

rates relative to ejection times tor different patients. 

FIG. 8 is a flow chart of the program or routine carried out by the microprocessor of the apparatus 
shown in FIG. 3. 

FIG. 9 is a flow chart of the program or routine carried out by the control circuitry (e.g. microproces- 
sor) of the apparatus shown in FIG. 3. This program is modified from the flow chart shown in FIG. 8 to 
permit values of ejection time to be stored which are greater than the preprogrammed maximum ejection 
time and less than the preprogrammed minimum ejection time to establish the family of lines or slopes 
along which the pacer can function as shown in FIG. 7 so that the apparatus will not be sensitive to drift of a 
pressure sensor or an impedance measuring system. 

FIG. 10 is a flow chart of a program or routine carried out by the control circuitry of the apparatus 
shown in FIG. 3 which uses a look-up table suitable for both linear and norHinear relationships between 
heart rate or pacer rate and ejection time. 

FIG. 1 1 is a flow chart similar to the flow chart shown in FIG. 9 of a program or routine carried out by 
the control circuitry of the apparatus shown in FIG. 3 using a look-up table for the change in ejection time 
and not the actual value of ejection time so that the apparatus will not be sensitive to drift of a pressure 
sensor or an impedance measuring system. 
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shawn in RG ? to n ? 'J ! °f 1* *" Can be Carr<8d 0Ut by *• contra ' of the apparatus 

1«SAL P S T°? thm9 ° f i h9 hean rate Changes by smoo,hin 9 *• changes in ejection time 
F^S a 1^ and S6COnd ^ ° f th9 r ° Utine ° r Pr09ram s * own in one °' 

. . . "Jf 1 ? iS , a ton 9«"<««»l Plan view of another embodiment of a distal end portion of a pacing lead 
which has a t.p electrode and two spaced apart ring electrodes for measuring impedance in a right ventricle 
and which can be used in the apparatus of the present invention. 

FlG - 14 is a longitudinal plan view, similar to the view shown in FIG. 13 but having only one ring 
e ectrede thereon such that impedance is measured between the tip electrode and the one ring electrode of 
still another embodiment of a distal end portion of a pacing lead. 



DESCRIPTION OF THE PREFERRED EMBODIMENT 

Referring now to FIG. i . there is illustrated therein a graph of various parameters of heart activity versus 
time from atrial systole through ventricular systole to diastole. From this graph it will be appreciated that 
vanous phenomena occur during heart activity. In this respect, there are changes in aortic pressure left 
ventricular pressure, left ventricular volume (right ventricular volume as well) and right ventricular pressure 
The changes in these parameters are indicative of ejection time. Here, for example, the change in aortic 
pressure from 0i to Ct is a measure of ejection time E. 

A measure of duration of contraction is the change in left ventricular pressure which is shown as E, irr 
FIG. 1 and which is proportional to ejection time. In this respect when the contraction starts the pressure 
increases until it reaches the aortic pressure then the aortic valve opens and blood is ejected from the left 
ventricle. After some time the pressure decreases to a value tower than the aortic pressure at the time the 
aortic valve closes. The time period between opening and closing of the aortic valve is called ejection time 
Again, the duration of contraction is shown as Ei. in FIG. 1. which is proportional to ejection time. 

The same phenomenon occurs in the right ventricle. That is to say the pressure in the right ventricle is 
at a minimum, or 0. When contraction starts, the pressure starts to increase and the pulmonary valve opens 
when the pressure exceeds pulmonary pressure. It reaches a maximum and then decreases until all the 
blood is ejected from the right ventricle at which time the pulmonary valve closes and the pressure again 
returns to a minimum or 0. The time period between the opening and closing of the pulmonary valve is 
referred to as the ejection time of the right ventricle which is proportional to the duration of contraction & of 
the right ventricle. 

Another measure of ejection time is the time period in the left ventricle or in the right ventricle when the 
volume of blood in the right ventricle or left ventricle changes from a maximum value to a minimum value. 
The time period during this change is equal to ejection time and is indicated as & in FIG. 1. 

As will be described hereinafter in greater detail, one can measure the continuous value of one 
parameter in the right ventricle and use the changes in that parameter to make determinations of ejection 
time Ej and from the ejection times measured, determine changes in ejection time. Then changes in 
ejection time (AET) can be related to corresponding normal changes in heart rate (AR). 

The relationship of AET to AR is shown in FIG. 2 and has been found to be a substantially linear 
relationship. Thus, in a normal heart as changes in ejection time occur, changes in heart rate also occur. 

With this observation, and according to the teachings of the present invention, one can sense changes 
m ejection time and then sense whether or not the pacemaker in the heart is adjusting the pacing rate AR in 
accordance with the graph shown in FIG. 2. If the natural pacemaker is not functioning properly, and such 
functioning is monitored by an implanted pacer system together with monitoring of ejection time, the pacer 
system can be caused automatically to output pacing pulses at the appropriate rate as determined by the 
ejection time and changes in the ejection time. 

In FIG. 3 is illustrated an apparatus 10 or pacer system 10 which is constructed according to the 
teachings of the present invention and which includes an implanted pacer or artificial pacemaker 12. The 
pacer 12 has a pulse generator therein and associated cardiac excitation and cardiac activity detection 
circuitry as well as control circuitry. 

The pacer 12 is connected to a pacing lead 14 at the proximal end thereof. The pacing lead extends 
pervenously into the right ventricle 16 of a heart 18 where a tip electrode 20 at the distal end thereof 
engages the apex 22 of the right ventricle for detecting cardiac activity and for stimulating the right ventricle 
1 6. 
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A pressure sensor 24 is also mounted on the lead m an* •„ «. • 

electrode. The sensor can be connected to sen^r amoJfiXs m "?* jUSt ^ th ° "«» 

be described in greater detail hereinafter. detection circuitry in the pacer ,2 as will 

The pacer system 10 controls the pacing rate of the oaeer 12 «i a « . 

pacing ^ iSiST. ^^T^ * ' ^ «"* the 

stimulates the ventride through the tip e^frode 2^ T ^ ? VentriC,e ' Such P acin 9 astern to 
heart has lost the ability to ^*££?£ S£ SSTT^SIT T ^ "°* ^ 
'0 its dynamic contraction. exercise. However, the heart continues 



i to increase 



sens^T^?^ -Oht venthcuiar pressure is continuously 

determining the duration of co^IctiS. FrL ZT? T t™ 9 ** pressure are used for 

Parana, changes in ejection S^e^ change Un J^^"' J"" 8 "! - ^ermined which 

» r to control the rate of application of puifes to ^^TaiTj^ 

are then used as a measure of exeS^ ' il^TcL^^Tj^ *™ ™ «™ 
» based on the ejection time or changes in ejection7meTe time reS^J * ^ " 9 ThuS ' 
heart/pacer rate can be determined In this way a ^^1^ 2^ tT* 88 "* approonat9 
the rate of puise generation or pacer rate can cSl* IT^t * eXeraSe ' M ° r9 

^ o ejection time and changes in ejection tim™^ T^SSTJ^ 5~ 

measurement of the right ventricular oresl™ ! 1? ttme 33 determined bv 'continuous 

correlation is generaliy Lar Ts^^e s«oZ M of £ ' ar^n , 2 , ^ Ua ' * 8XerCiSin ° ^ d such 
versus changes in heart rate or pacer rate. AR. as shown in FIG 2. &nges in ejection time, AET, 

can utile, ha cftanglng mx^aZ^ Zf^LZ??^ t °* acw " u * ° r I*** '0 one 

■ nw according » £ l5oZ^Z^„^r„SS»rJT' °" 10 adiu **» W 

n*W™d ra» o. hew conwew™ or p«l ,^ "™ ""^ » "»"™™ *• 

reaiiL b v rJr r* 0 *""* «» apparatus 10 of the present invention, the pressure sensor 24 is 
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mnneJLTtol * P iezoresistive transducers. , he transducer 32 comprises the four resistors electrically 
co^dSSL T^n I T T Wt V0,t T iS 3PP,ied 3Cr0SS *° COmers of two sensor wi e 

J^LT V0,ta9e aCr °!f the ° ther ^ COmerS 0f the brid 98 is sensed, i.e. by the voltage 
across the other two sensor wire conductors. y 

Initially, without any pressure placed on the transducer 32 the voltage will be zero. However when 
t H eS T I P 6d °" transduC9r 32 - ,he distance of two resistors wi5 go down and the resistance of 
the other two resistors will go up. This will cause a change in the value of the voltage across the o^r two 
corners of the bndge which voltage is supplied via two sensor wire conductors ?o the pacer iTo *e 
apparatus 10 as an indication of a change in right ventricular systolic pressure 

p.nSf'l^rT SenS ° r 24 haVin9 m imoedance of approximately 1 k ohm requires 1-5 Volt 

T*?LT° 0 T£T S * f P ~ Xima,e,y 1 * 5 mA ^ fl0W - 0ne t0 « v ° mA «• *° much current drain 
for the battery power source for the pacemaker 12. Accordingly, to reduce the current drain voltaae and 
currerrt pulses with a 1:200 duty cycle are utilized and supp.ied to and received from Z bridge 'cirSft 
whereby the current dram is reduced to an acceptable value of approximately S microamps. .n this way 
w*h voltege pulses having a duty cycle of 1:200 the pressure applied to the transducer 32^ the pressure 
sensor 24 ,s only sampled periodically. Then, of course, the sampling frequency relative to pulse duration 
has to be chosen ,n such a way as to minimize current drain and still yield a reproducible pressure curve 
such as by utilizing the Shannon-Nyquist theorem of sampling. 

— * t Jf°° nSet °L exe "L tS8, me ri9ht ventricu,ar svstolic Pressure will vary with heart rate or pacer rate. 
The first step .n utilizing the apparatus 10 involves sensing of changes in the right ventricular pressure 

To avoid small oscillations a general filtering principle or an N-point averaging technique is employed 
in this respect, an IM number of samples between 1 and 10. for example, are made and the average is 
chosen as the sampled pressure.* Then, this average is compared with the previously stored average of 
« ad P o S ! U o r8 ^".f 10 determine wh9ther been a change. The change is detected by measuring 

2S AP - P„ -(P .,) where x equals the time order for a number of samples. N. Of course, to make this detection 
mor8 „:f"f e ' °" e would detect sense and determine P x -<P X -,). (P,-,) - (P^ and (P„n) -(Px* ). As a 
simplification, when all the differences have the same sign, the change is consistent Then AP»P X -<P ,) 
and that is stored in the microprocessor within the pacer 12. Then from changes in pressure arid 
particularly determinations of when the pressure starts to increase from a minimum or zero and decreases 
30 to and stops at a minimum or zero, the microprocessor can determine duration of contraction and therefore 
ejection time. Subsequently changes in ejection time are determined for use in calculating the desired 
heart/pacer rate and. if necessary, to initiate pacing pulses to maintain a desired pacer rate. 

In FIG. 5 is shown a transducer 52 comprising a strain gauge 53 mounted within a tubular sheath 54 of 
a pacing lead 14 and secured to the wall 55 of the sheath 54. Bending of the lead by contraction 
as determined by the strain gauge 53 is then used to determine duration of contraction and therefore ejection 
time and changes in ejection time. Bending of the lead by contraction can also be measured by a piezo 
crystal or any other piezoelectric material. This has the advantage that contrary to a pressure transducer or 
a strain gauge, this type of sensor material does not require an excitation voltage but generates its own 
output voltage. 

40 The algorithm or routine in its simplest form relates AR which is the change in rate of pulses emitted 
by the pacer 12. to AET, which is the change in ejection time. This can be realized in analog techniques 
but can also be realized in a digital manner using a so-called "look-up- table. The signal AP serves as an 
input to the microprocessor in the pacer 12 for calculating ejection time ET and to determine AET for 
changing the pacer rate frequency as a function of AET. Typically, an algorithm relationship of AET to AR. 

45 such as shown in FIG. Z, is stored in the memory of the microprocessor in the pacer 12 and provides the 
algonthm. i.e.. slope 30, and the equation therefor, which is utilized by the control circuitry. 

In the event the sensor 24 or the circuitry within the pacer 12 malfunctions, the control circuitry can be 
caused to exit the program or routine and convert the pacer to its standard non-exercise responsive 
function. Furthermore, if the pressure shows oscillation without exercise, the number N in the N-point 

so averaging can be programmed or changed to a higher value and the circuitry for sensing or detecting a 
change in pressure can be programmed to take more samplings of differences before it decides that a 
change in pressure. AP. has occurred. 
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fact mt StoL* T* ^ or eiection Hme of me right ventricl * ™ des in *° 

thT 7 ^ PreSSUr0 iS dir8Ct,y P' 0 ^ 0 "* to *• sympathetic nerve activity 
' S SaV ' 3 n0rmal hUman b6in * ri9ht contraction duration and 

a S h^n tL!iT° n t,me Chan " S 3PPear t0 56 inVerS8,y P"***"* * exercise without any time lag. 
5 This has an advantage over metabolic changes such as pH. oxygen saturation, etc., aJI of which occur at a 

a^ti^m?^ th !-° n T , 0f JI 6xercise - Thef9f0re ' * utili * n 9 *" ri 9* ventricular pressure to determine 
ejection time, a pacer directly follows exercise rather than lagging exercise 

taivl? ^ 10 ShOW ° ^ RG " 3 ' C9rtain parameter5 hav « to be determined experimen- 

taily and programmed .nto the microprocessor within the pacer 12. First of all. as shown in RG. 6, the linear 
io relationship between heart rates and right ventricular ejection times between a programmed minimum rate, 
FW. and a programmed maximum rate, FW, of heart rates is established and can be shown as graph or 
hne 100 having a slope, "A*. The equation for the line 100 with the slope "A* is- 
Rt * <Rt.i>- A(ET t -CT t .i) 

In RG. 7. a number of lines 101-104 parallel to and on either side of the line or graph 100 are 
programmed in the microprocessor so that the pacer 12 can function along the family of lines 100-104 In 
this way, the minimum ejection time at which rate changes start can be programmed, which is essential 
because every patient has his/her own at rest ejection time. Note that this permits values of ejection time to 
be stored which are greater than ETp^.^ and less than ET Pn9MkL . 

Additionally, for different patients one needs to determine the correct rate of change (or slope A) 
20 between ejection time, ET, and heart/pacer rate, R In other words, such slope may be A, or Aa for lines 
106, 108 as shown in RG. 7A. 

This formula or algorithm is then utilized in the routine or program carried out by the microprocessor in 
the pacer 12. This routine is set forth in the flow chart shown in RG. 8. According to this routine, the heart 
pacing rate and ejection time values stored in the pacer 12 are constrained to vary along the line 100 (or 
25 101, 102, 108 or 108) delineated by the above equation having the slope "A* (or Ai or Aa) as determined for 
the patient That is to say, even if the measured ejection time ET exceeds the programmed maximum 
ejection time. ET^^ that value of ET will be stated as ET ProgJtot . This is required because the pacer 
12 has upper and lower pacing rate limits as set by the physician and the pacer 12 cannot go above or 
below these pacing rate limits. 

The steps carried out by the program or routine shown in RG. 8 are as follows: 
STEP 1. Here after pressure values and changes in pressure values have been measured ejection 
time is determined at a starting time T and defined as ET T . 

STEP 2. Here R T is calculated. If (ET T .i) - ETiis positive, Rt will be larger than Rt.i. If negative, it will 
be smaller. J 

STEP 3. The pacer rate will only be changed to values on the sloped portion of the graph 100 as 
shown in RG. 6. At STEPS 3 and 4, a determination is made whether or not the value for the pacer rate will 
be at the extremes of the line or graph 100. 

STEP 4. If Rt is equal to or greater than Rm^, then the pacer is programmed to R*^ and this value 
is stored as Rt.i . 

40 STEP 5. Next the stored ejection time is stored as ET p^omo*. and the routine loops back to STEP 1 . 

STEP 8. If R T is less than Ru«t . then the program goes on to STEP 6 where it is determined whether 
or not Rtis equal to or less than R^. 

STEP 7. If Rt is equal to or less than Rm*i , the microprocessor is caused to program the pacer to 
R M in. and stores that value as Rr.i. 
45 STEP 8. Next, ET T .i is stored as ETp^jy^ in the memory of the microprocessor. 

STEP 9. If the microprocessor reaches this step, it means that Rt is somewhere on the sloped 
portion of the graph or line 100. The pacer is then programmed to R T and Rr.i is replaced by Rt. 

STEP 10. Next, at STEP 10, ET T .i is replaced by ET T , and the microprocessor loops back to STEP 1. 
it is to be noted that in most pacers the actual value programmed into a microprocessor would be the 
so closest programmable value to Rt. However. Rt.i is a calculated number. Again, after Rt., has been 
replaced by the closest programmable value of R T and ET T .i has been replaced by ET T , the microproces- 
sor returns to STEP 1 and continues to control pacing rate relative to ejection time. 

In the flow chart shown in RG. 9, the STEPS 1-10 are essentially the same as STEPS 1-10 in the flow 
chart shown in RG. 8. However, STEPS 5 and 8 have been modified from STEPS 5 and 8 in the flow chart 
55 shown in FIG. 8 and this permits values of ejection time to be stored which are greater than ET^ and 
less than ET Pf00 . Mlo .. 

For the mode of operation defined by the flow chart shown in FIG. 9, ETp rog . Max and ET Pfog . M , n . have no 
meaning. This allows for sensor drift and movement of the lines or curves of the graph shown in FIG. 7. 
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In STEP 5 and in STEP 8 combined in FIG. 9 ET is stored as ET T .,. Also note that STEP 10 can be 
combined with STEPS S and 8 as shown in FIG. 9 . ' 0te mat STEP 10 can be 

time^e^us 1 ^,!-? 8 ' I"* •! tTf ^J**" WhiCh Uti,i28S 3 ,00k * up tab,e of riaht v *™*u.ar Section 
«d leS SmT b ° th ' inear ^ n0n " linear re,ati0 "^'Ps between heart/pacer rate 

The steps of this program or routine are as follows: 
STEP 1 . Here ejection time is determined. 

STEP 2. Here the corresponding pacer rate is pulled from the look-up table stored in memory Each 
^elZo^" * *™ ^ * C0 - Spondi " a ™> ^ P^y Teen^nte^ 

ST !T » 3 '.u Here PaC8f rate iS adiusted or banged to that one found in the memory which 
corresponds to the ejection time determined. memory wnicn 

Cf^f .J 3 : i , m l m t l ropr < ocessor l0 °P s back to STEP 1 and continues to determine ejection time. 

flow eh** "th^!"^ 3 2? °u an ° thar Pr ° 9ram ° r r0utine which is *»*Bou« to the routine and 
flow chart tterefor shown .n FIG. 9. In th.s routine, compensation for pressure sensor drift is provided by 

iZ 9 ,H P ^ * ^ T Cha " 9e in 8jeCti0n *"• "« not * e va,u ° <* as determTneS 

from changes in pressure (nght ventricular pressure). The steps of this program are as follows: 

STEP 1. Here the ejection time is measured at time T to determine ET T 

2Sn J *!! microprocessor computes AET - ETHETt.,) which is the change in ejection time. 
/ k u . micr0 P r0C88Sor 'ooXs up in the memory the corresponding pacer rate change. AR 

(which can be a function of Rt.i. the present rate). ^ ' 

STEP 2b. Here the microprocessor computes Rt ° AR + Rf.,. 
STEPS 3-10. These steps are identical to STEPS 3-10 of the "flow chart shown in FIG 9 
In any one of the programs represented by the flow charts in FIGS. 8-1 1 . the pacer rate changes may 
be smoothed by smoothing the changes in ejection time. This can be done in several ways 

One approach is to compute the sign of the result of AET - ET T -<ET T .,) when ET is measured and 
compare the sign (positive or negative) to the sign of the N-1 previously computed differences which have 
been stored in the memory. If no sign change has occurred in N consecutive samples, the algorithm 
proceeds to determine the appropriate rate change. 

This is done with a subroutine shown in FIG. 12 which is inserted between STEPS 1 and 2 in any one 
of the flow charts shown in FIGS. 8. 9. 10 and 11. The steps followed in this subroutine are as follows- 
STEP 1a. Here AET is computed. 

STEPSlb-ld. These steps define a counting loop for indexing the subscripts of the previously 
calculated AETs stored in the memory of the microprocessor starting with a count K » 0. 

STEP le. If K 3 N + 1 at STEP 1d. at STEP 1e the sign of AET T is stored and all subscripts are 
decremented by 1. Then the microprocessor or algorithm carried out therein goes to STEP 2. 

STEP if. If K # N + 1 at STEP 1d. at STEP 1f a determination of the sign of the present AET is 
made to see if it is equal to that of one of the previous N-i AETs. 

If the answer is yes, the microprocessor loops back to STEP 1c to increment AET for the next comparison. 

STEP ig. If the sign of the present AET is not equal to that of one of the previous N-1 AETs, the 
sign of the present AET is stored and all stored signs are moved down one level in the memory stack 
having a height N-1. Then the microprocessor returns to STEP 1. 

Again, if N-1 comparisons have been made without any sign changes occurring such that the answer at 
STEP id is yes. at STEP le the sign of AET T is stored, the stack is moved down and the microprocessor 
proceeds to STEP 2 for an appropriate pacer rate change based upon AET T . 

Another approach to smoothing would be to use the subroutine shown in FIG. 12 except to change the 
pacer rate based upon the average value of AET over the N most recent samples if no sign change has 
occurred. 

In FIG. 13 there is illustrated a distal end portion 110 of a pacing lead 112. The distal end portion 110 
has a tip electrode 114 similar to the tip electrode 20 shown in FIG. 3. 

The distal end portion 110 is further provided with a first ring electrode 116 which is spaced a short 
-distance behind the tip electrode 114 and a second ring electrode 118 spaced further back from the first 
ring electrode 116. The ring electrodes 116 and 118. the tip electrode 114 and the pacer can 12 are utilized 
to measure impedance between the electrodes 116 and 1 18 through blood in a ventricle such as the right 
ventricle at any one of several frequencies by the so-called four electrode method. Current is injected 
between the pacer can 12 and the tip electrode 114. The voltage measured between ring electrodes 116 



10 



0 257 116 



and 118 is then proportional to impedance. Then this measure of impedance is stored in , * * 

microprocessor and after a short period of time a second measureme^iTm^i r?? T * 8 
are indicative of and corrected to changes in vo.u™ of S^Z^^ISTK! "J I 
the pulmonary vaive opens and at the lowest ^f^^S^^ZS^ * * 

The time of these points of high volume and low volume are noted and the difference in tim. i« m,. 
e,ect,on fme. Then during exercise the ejection time will change and toJZZfTZSXZZ f! 
uti zed by the microprocessor in the pacer 12 to control the pacer rate d^rSV ^ motion «nS 
determined, m the manner described above and as illustrated in FIGS. 8-12 ■ ' 98 

- . p-rsrr^ ~ -*» » 

£ srr^ ^ a ^ «. p r^ 

eectfode 124 will stall be used for supplying pacing signals to the apex of a ventricle while trm rinn 
,S U J£1!1?1 * e,eCtr0de 124 ** meaSUrin ° -P^anS^A cu'eTariiy T of seveS 

SrSS^TSr 1 9ieCtr0d8 128 ind HP e,ectrede 124 ' * *• time the vottage b^n 

those electrodes 1 28 and 1 24 is measured and is proportional to impedance 

•JL^SZST!? ^fl 0 !,^ e,eCtr0de8 tor me8SUrin9 im P«*n« in the right ventricle, namely 
electrodes 16 and 118 or 124 and 128 are received in the ventricle as shown in phantom in FIG 3 Also 
the proximal nng electrode 118 and 128 will be disposed just beneath the tricuspid valve 

th* ^l!" 990 " 19 d9SC 5*!° n ' * m * ****** that the apparatus 10 of the present invention and 
the method for using same of the present invention enable one to adjust oacer rate in * narZn ZJ-Z 
reiative to ejection time of the right ventricle during exercise w,th mVTnZ™ S i the a^2tn?en^ 
the pacing rate relative to exercise .eve.. The ejection time can be determined f4 by me^ngTe^ 

changes in duration of contraction will indicate exercise and a new ejection time typically a decreased 
control circuitry of an implanted pacer to change the pacer rate. 

da t^ a ^n; imPedan f 8 '"TH ^ e,eclrode8 in can be measured continuously to 

deerm.ne changes in volume of blood in the right ventricle to determine opening and closing of the 

"T/ 0 ^1 ei8Cti0n *"* ^ Chan9es in <**™ timTstih as a de^ease^n 
ejection time, determined in the above manner, can be used to determine the appropriate pacer rate and 

* 9 „ pac * f T^^l ad|u8ted accordin9lv - Also - tam the foregoing description, it will be apparent that the 
apparatus 10 of the present invention and the method for using same described above have a number of 

SS^S* 8 * 80 ™ 'Ir' 1 "*,^ 9 bee " de8Cribed '*"»• 0tt,er8 * ** inh ^ent in the invention. In 
™^ apparatus 10 allows an implanted pacer system to mimic a change in heart rate that would 

"° rT "^ y n OCC " r "A 6 ?** heart when the individual is exercising and his heart is not naturally changing 
the pacing rate thereof due to some heart malfunction such as sinus node disease. Such apparatus or oacer 
systern 10 will have very little time lag relative to the exercise activity and responds quickly to a need for a 
changed pacer rate. 7 8 

Also it will be apparent that modifications can be made to the apparatus 10 and method for using same 

, ^l 9 ? 8 ^ fr ° m * 8 t8achings * • Jresent invention. Accordingly, the scope of the invention is 
only to be limited as necessitated by the accompanying claims. 



Claims 

1. An apparatus for pacing a heart in accordance with the heart/pacer rate needed to produce a 
required cardiac output while the person is exercising, comprising: 

a pacer adapted to be implanted in a human body and having a pulse generator and control circuitry which 
may be realized by a microprocessor therein: 

a pacing lead adapted to be implanted in a heart and having a tip electrode adapted to engage and supply 
pacing pulses to a right ventricle of a heart 

means for determining the duration of contraction of the heart to determine the ejection time and changes in 
ejection time over time in the right ventricle: and 

means, including said control circuitry for relating the changes in ejection time with the required pacing rate 
needed to supply a desired cardiac output and for causing said pacer to pace the heart at the required rate 
when the heart is not naturally paced. 
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sanLJnJns mn *! « 1 ™" meanS for determinin 9 ejection time includes pressure 

sensing means mounted on said pacing lead. 

3.- The apparatus of claim 2 wherein said pressure sensing means comprise a strain gauge mounted in 
said lead and spaced from said tip electrode. 9 mounrea in 

tronico^L^n^^ C ' aim 2 Pr8SSUr9 $enSi " 9 means comprise a P^oresistive microelec- 

tronic pressure transducer mounted in said lead and spaced from said tip electrode 

mJL, ^ ° f Claim 2 Wherei " S3id means for dete ™ ni "9 ejection time further includes said 

T^JoT^J^L s 0P T1- t0 relate chan98S in pressure over tim ° to dura « on of contra ^. which 

time period is related to ejection time. 

6. The apparatus of claim 4 wherein said control circuitry includes a microprocessor programmed to 
cause voltage pulses to be suppHed to said pressure transducers for pressure sampling £ rS£e the 
power drain of the pressure transducer on the power supply of the pacer. minimize tne 

7. The apparatus of claim 6 wherein said voltage pulses have a duty cycle of at least 1-200 
„„ J7 * pp *[ atu t of . c,aim 1 wherein said "want determining ejection time includes two electrodes 
on said lead whereby impedance can be measured across said electrodes when a current is applied 
through said electrodes. »hh<»»vi 

9. The apparatus of claim 8 wherein said two electrodes are defined by said tip electrode and a ring 
electrode on said pacing lead a sufficient distance behind said tip electrode so as to be able to be received 
in the right ventricle. 

10 The apparatus of claim 1 wherein said means includes four electrodes, of which two electrodes are 
ring electrodes one positioned behind but spaced from said tip electrode and another ring electrode spaced 
a sufficient distance so as to be able still to be received in the right ventricle and said pacer has a casing 
W ™. SerV8S «f S ^ ,0urth e,ectrode ' impedance can be measured between said two ring 

electrodes on the lead when a current is passed between the pacer casing and said tip electrode. 

11. The apparatus of claim 10 wherein said ejection determining means includes said control circuitry 
means for supplying current pulses from said control circuitry to said electrodes and. means for receiving 
voltage pulses from said two ring electrodes and supplying same to said control circuitry which is operable 
to determine impedance values from the voltage of the current pulses to relate impedance values and 
changes therein to changes in blood volume, to relate changes in blood volume to openings and closings of 
ttie pulmonary valve and to determine the time period between each opening and closing which is related 
to. if not equal to. ejection time. «~ 

12. The apparatus of claim 1 wherein said control circuitry includes a microprocessor and said means 
for relating the right ventricular ejection time and/or changes thereof with the required pacer rate include an 
algorithm stored in said microprocessor. 

as 13. The apparatus of claim 12 wherein said algorithm includes the steps of: 
determining the ejection time in the right ventricle at a point in time T; 

computing the heart/pacer rate Rr from a programmed slope "A" of a graph of heart rate versus ejection 
time between a minimum heart rate and a maximum heart rats; 

determining whether the heart rate calculated is equal to or above the programmed maximum pacer rate or 

40 equal to or below the programmed minimum pacer rate: and 

if the calculated heart rate is at or above the programmed maximum pacer rate at or below the programmed 
minimum pacer rate, replacing the pacer rate value stored in the memory of the microprocessor with either 
the programmed maximum pacer rate or the programmed minimum pacer rate respectively; or 
if the calculated heart rate is between the programmed minimum pacer rate and the programmed maximum 

45 pacer rate, replacing the pacer rate value stored in the memory with the newly calculated rate in the 
memory of the microprocessor; 

replacing the ejection time value stored in the memory of the microprocessor at time T-1 with the newly 
determined ejection time value; and 



so 



25 



30 



so 



55 



altering the pacer rate of the pacer by the newly calculated rate. 

14. The apparatus of claim 13 . wherein the algorithm programmed in said microprocessor includes a 
family of slopes parallel to the first named slope whereby the algorithm defined in claim 13 will function 
independent of a particular ejection time and in response to changes in ejection time so as to be 
substantially insensitive to any drift in the means for determining ejection time. 

15. The apparatus of claim 12 wherein said microprocessor has stored in the memory thereof a look-up 
table of required pacing rates relative to various values of right ventricular ejection time and said algorithm 
comprises the steps of: • 

determining the ejection time in the right ventricle: 

looking up the corresponding heart rate in the look-up table: 
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adjusting the pacer rate to the value looked up in the look-up table- and 

pressurTcha^ges ePeafi ^ *" * det9miinin 9 9jection and the pacing rate M the 

< ^ilVZlZST" * daim 12 Wh8rein S3id micr °P r0C9S80r nas stored in the memory thereof a look-up 

! ? T 9art r3te ChanQeS relativ9 t0 various vaiues of ri 9M ventricular ejection time changes and 
said algorithm comprises the steps of: 

determining the ejection time at a first point in time; 
computing the incremental change in ejection time AET = ET T -<ET T .,); 
looking up the corresponding AR in the look-up table; 
w computing the required heart rate R T ■ AR + (R T . t ); 

determining whether the computed heart rate is equ'aJ to or above the programmed maximum pacer rate or 
is equal to or below the programmed minimum pacer rate; and 

if the calculateKj hefert r^ mms &mBt of these conditions, replacing the pacer rate Rn by either the 

programmed maximum pacer rate or programmed minimum pacer rata stored in the memory of the 
rs microprocessor and replacing the last sensed ET value with the newly sensed ET value; 

if the heart rate calculated is between the maximum and minimum pacer rates stored in the memory of the 

microprocessor, replacing the last pacing rate by the newly computed rate and replacing the last ejection 

time value by the newly determined ejection time value; and 

adjusting the pacer rate to the value of the heart rate just calculated. 
20 17. The apparatus of claim 16 wherein the heart/pacer rate changes are smoothed by smoothing the 

changes in ejection time. 

18. The apparatus of claim 16 wherein the sign of the result of AET T * ET T -<ET T . t ) is compared to the 
sign of the N-1 previously computed differences which have been stored and if there is no sign change in N 
consecutive samples, the algorithm proceeds to determine the appropriate rate change, if the sign of the 

25 present increment in pressure AET is equal to the sign of the, previous 'N-1 increments in pressure, the 
algorithm increments another increment of pressure AET for the next comparison, and if the sign changes, 
the new sign is stored in the memory and the algorithm returns to the initial step of determining ejection 
time. 

19. The apparatus of claim 16 wherein the rate change is based on the average value of AET over the 
30 N most recent samples if no sign change has occurred. 

20. A method for pacing a heart in accordance with the heart rate needed to produce a required cardiac 
output while the person is exercising, comprising the steps of; 

determining duration of heart contraction to determine ejection times and changes in ejection time in the 
right ventricle; 

3S relating ejection time and/or the changes in ejection time with the required heart rate needed to supply a 
desired cardiac output and 

pacing the heart at the required heart rate when the heart is not naturally paced. 

21. The method of claim 20 wherein said step of determining ejection time includes the steps of: 
measuring pressure in the right ventricle at short time intervals over time; determining changes in pressure; 

40 relating the pressure sensed over time and changes in pressure to the duration of contraction; determining 
the duration of contraction during the time the pressure increases and decreases; and determining each 
ejection time from each said time period. 

22. The method of claim 21 wherein pressure is sensed by a piezoresistrve pressure transducer and 
said method includes the step of supplying voltage pulses to said pressure transducer for pressure 

45 sampling to minimize the power drain of the pressure transducer on a power supply for the transducer. 

23. The method of claim 22 wherein said voltage pulses have a duty cycle of at least 1 :200. 

24. The method of claim 20 wherein said step of determining ejection time includes the steps of: 
determining blood volume and changes in blood volume in the right ventricle over time; relating the blood 
volume and changes in blood volume to openings and closings of the pulmonary valve; determining the 

so time period between each opening and closing during the time period when the volume changes from a 
maximum value to a minimum value; and 
determining each ejection time from each said time period. 

25. The method of claim 24 wherein blood volume and changes in blood volume are determined by the 
steps of: 

55 measuring at short intervals over time the impedance between two electrodes in the right ventricle; and 

correlating the impedance measurements and changes in impedance with blood volume and changes in 
blood volume over time. 
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tim/L^v*^ - *'? 20 Wh6 l ein ^ StePS ° f r9,atin9 me hQht vemri <=ular ejection time and/or the 
time derivative therof with the required pacer rate comprises the steps of: 

determining the ejection time in the right ventricle at a point in time T- 

computing the heart rate R T from a slope "A" of a graph of heart' rate versus ejection time between a 
programmed minimum pacer rate and a programmed maximum pacer rate- 
determining whether the heart rate calculated is equal to or above the programmed maximum pacer rate or 
equal to or below the programmed minumum pacer rate; and 

if the calculated heart rate is at or above the programmed maximum pacer rate or at or below the 
programmed minimum pacer rate, replacing the pacer rate value stored in the memory with either the 
programmed maximum pacer rate or the programmed minimum pacer rate, respectively or 
if the calculated heart rate is between the programmed minimum pacer rate and the programmed maximum 
pacer rate, replacing the pacer rate value stored in a memory with the newly calculated rate in the memory- 
replacing the ejection time value stored in the memory at time T-l with the newly measured ejection time 
value; and 

altering the pacer rate of the pacer by the newly calculated rate. 

27. The method of claim 26 wherein the heart rate is computed from a family of slopes parallel to the 
first named slope whereby said method is independent of a particular ejection time and alters pacer rate in 
response to changes m ejection time so. as to be substantially insensitive to drift in any means used for 
determining ejection time. 

28. The method of claim 28 wherein different slopes A, Ai, A*, etc. are programmed in the microproces- 
sor and said method includes the step of selecting a slop© most closely related to the natural change in 
ejection for changes in heart rate for the patient 

29. The method of claim 20 wherein said step of relating the right ventricular ejection time with the 
required heart rate comprises the steps of: 

determining the ejection time in the right ventricle: 

looking up the corresponding heart rate in a look-up table of heart rates relative to various values of right 
ventricular systolic ejection time; 

adjusting the pacer rate to the value looked up in the look-up table; and 

monitoring and repeating the step of determining ejection time and changing the pacing rate as the ejection 
time changes. 

30. The method of claim 28 wherein said step of relating the right ventricular ejection time with the 
required heart rate comprises the steps of: 

determining the ejection time at a first point in time; 

computing the incremental change in ejection time, AET = ET T -(ET T .i); 

looking up the corresponding AR in a look-up table of heart rates relative to various values of right 
ventricular ejection time; 

computing the required heart rate R T ■ AR + (Rm); 

determining whether the computed heart rate is equal to or above the programmed maximum pacer rate or 
is equal to or below the programmed minimum pacer rate; and 

if the calculated heart rate meets either of these conditions, replacing the pacer rate R T .i by either the 
programmed maximum pacer rate or programmed minimum pacer rate stored in a memory and replacing 
the last sensed ejection time value with the newly sensed ejection time value; 

if the heart rate calculated is between the programmed maximum and minimum pacer rates stored in a 
memory, replacing the last pacing rate by the newly computed rate and replacing the last ejection time 
value by the newly determined ejection time value; and 
adjusting the pacer rate to the value of the rate just calculated. 

31. The method of claim 30 wherein the heart/pacer rate changes are smoothed by smoothing the 
changes in ejection time. 

32. The method of claim 31 wherein the sign of the result AET T * ET T - (ET T .i) is compared to the 
sign of the N-1 previously computed differences which have been stored and if there is no sign change in N 
consecutive samples, determining the appropriate rate change, if the sign of the present increment in 
ejection time AET is equal to the sign of the previous N-1 increments in ejection time, incrementing another 
increment of ejection time AET for the next comparison, and if the sign changes, storing the new sign in the 
memory and returning to the initial step of determining ejection time. 

33. The method of claim 32 wherein the rate change is based on the average value of AET over the N 
most recent samples if no sign change has occurred. 
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